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Atomic nuclei constitute unique many body systems of strongly interacting fermions. 
Their properties and structure, are of paramount importance to many aspects of 
physics. 
 
Many of the phenomena encountered in nuclei share common basic physics 
ingredients with other mesoscopic systems, thus making nuclear structure research 
relevant to other areas of contemporary research, for example in condensed matter 
and atomic physics. 
 

These are exciting times in the field of physics of nuclei: 
 
Existing and planned exotic beam facilities worldwide and new detector systems 
with increased sensitivity and resolving power not only will allow us to answer some 
important questions we have today, but most likely will open up a window to new 
and unexpected phenomena. 
 
New developments in theory and computer power are shaping a path to a predictive 
theory of nuclei and reactions.  
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Proton drip-line 
Mirror symmetry  
p and 2p tunneling 
Spin triplet superconductivity 
(T=0 pairing) 
 
rp-process 
Novae, X-ray bursts   

Neutron drip-line 
Halos, Skins 
Pairing at low density  
New shell structure 
New collective modes 
r-process 
Stars, Supernovae 

Heavy Elements 
Shell stability 
Island of SHE 



World	  view	  of	  rare	  isotope	  facili1es	  

Black	  –	  produc1on	  in	  target	  
Magenta	  –	  in-‐flight	  produc1on	  

ARIEL	  

From	  Brad	  Sherrill	  -‐	  MSU	  





Gamma-ray spectroscopy has played a major role in the study of 
the atomic nucleus.  

Gamma-ray Spectroscopy and Nuclear Physics 

•  Coincidence relations 	
 	
à 	
Level/decay scheme	


•  Angular distributions	

    /correlations 	
 	
 	
à 	
Multipolarity, spins	


•  Linear polarization 	
 	
à 	
E/M, parity	


•  Doppler shifts 	
 	
à  	
Lifetimes,  B(E/M λ) 	


“Effective” Energy resolution (δE),  
Efficiency (ε), Peak-to-Background (P/T) 

 

Resolving Power  



GRETINA	

$ 20 M	


Which detectors should we use ? 



Interaction of gamma-rays with matter 
Photo effect 

Pair production 

Compton scattering 

A photoelectron is ejected 
carrying the complete 
gamma-ray energy (- binding) 

Elastic scattering of a  
gamma ray off a free electron. 
A fraction of the gamma-ray  
energy is transferred to the Compton electron 

If gamma-ray energy is >> 2 moc2  
(electron rest mass 511 keV), a  
positron-electron can be formed in  
the strong Coulomb field of a nucleus. 
This pair carries the gamma-ray energy 
minus 2 moc2 . 



Photoelectric:   
~  Z4-‐5,  Eg-‐3.5


Compton:   
~  Z,  Eg-‐1


Pair  produc>on:   
~  Z2,  increase  with  Eg 



Scintillators 
Scintillators are materials that produce ‘small flashes of light’  
when struck by ionizing radiation (e.g. particle, gamma, neutron). 
This process is called ‘Scintillation’. 
 
Scintillators may appear as solids, liquids, or gases. 
 
Major properties for different scintillating materials are: 
•  Light yield and linearity (energy resolution) 

•  How fast the light is produced (timing) 

•  Detection efficiency  

Organic Scintillators (“plastics”): 
   Light is generated by fluorescence of molecules; usually fast, but low light yield 
Inorganic Scintillators: 
   Light generated by electron transitions within the crystalline structure of detector; 
   usually good light yield, but slow 



Scintillator spectrum (here CsI(Na)) 
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Backscatter peak 



CAESAR  at NSCL	


DALI2 at RIKEN RIBF	




- HV signal 

p n 

 Intrinsic energy resolution determined by statistics of charge carriers ~  

valence band 

conduction band 

0.7 eV ε=3 eV 

N → FWHM = 2.35 F  Eγ /ε

Germanium Semi-conductor Detectors 

Energy resolution ! 



Peak/Total = 20% 
ε=20% 

Compton suppressor  

Veto 

P/T=55% 
 ε =20% 

Compton Suppression 

Improve peak-to-total ratio 

CAESAR,  EUROBALL, GAMMASPHERE 



Moving nucleus 

θ 

γ-ray detector 

V±ΔV 
ΔθΝ	


ΔθD 
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Broadening of detected gamma ray energy due to: 
! Spread in speed ΔV  
! Distribution in the direction of velocity ΔθΝ	

! Detector opening angle ΔθD 
 
è Need accurate determination of V and θ. 
è Minimize opening angle and particle detector 

Doppler shift 

Effective Resolution:  Doppler Broadening 



Doppler Broadening 



Resolving Power… 
A figure of merit (resolving power) could be measured by the ability 
to observe weak branches  from rare and exotic nuclear states.  
 



Improving Peak-to-Background… 

…using F-fold coincidences (here ‘matrix’: F=2) 

à Ex-Ey coincidences go into peak (blue) 
à “everything else” spread over red area, as it 
     isn’t coincident with any Ex  

δE: ‘effective’ E-resolution 
(ΔEdet and ΔEDoppler) 
SE: average energy spacing  



Improving Peak-to-Background… 
…using F-fold coincidences (here ‘matrix’: F=2) 

Projection 



Cut along δE 

Improvement of P/BG by factor  SE/δE !!! 



Note: r >1, ε<1 

€ 

RP =
1
α* = r f *
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N =αNoε
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α =1/r f

r ≈ (SE
δE )(

P
T
)With 

The counts in the peak of 
interest 

The resolving power is 



Evolution of  Gamma-ray Spectroscopy Resolving Power 

Development of new detectors and techniques have always 
led to discoveries of new and unexpected phenomena. 



“Spectroscopic history” of 156Dy	




Number of modules  110 
Ge Size   7cm (D) × 7.5cm (L) 
Distance to Ge  25 cm 

Peak efficiency  9% (1.33 MeV) 
Peak/Total  55% (1.33 MeV) 
Resolving power  10,000	




An example:	




Auxiliary Devices 





!Channel selection - lower background 
! Recoil correction - better Resolution 
28Si+58Ni => 80Sr + α2p  Yrast SD band  
No Background subtraction 

GS alone γγ 	


MB + GS γγ, 
      no Recoil C. 

MB + GS γγ  
    + RC (const β) 

MB+GS γγ 	

  + RC-β(Επ)	
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Scattering Angle 

132Xe +208Pb  @ 650MeV 





The Most Famous 	

GAMMASPHERE Experiment	


Proposed by Dr. Bruce Banner in 2001	




Setting-up the Experiment 

I-YAng Lee	


Dr. Banner Sr.	


"	






Every serious physicist has the ATLAS beam list and Gammasphere on 
his wall 

Courtesy of Robert Janssens 



Pulse shape analysis in segments  
è 3D position of interaction points 

Tracking of photon interaction points  
         è energy and position of γ-ray 

Towards the “Ultimate” Ge Array 



Tracking	


Evolution of  Gamma-ray Spectroscopy Resolving Power 



Gamma-‐ray	  tracking	  and	  the	  Long	  Range	  Plans	  

  “Construc+on  of  GRETA  should  begin  immediately  
upon  the  successful  comple+on  of  the  GRETINA  array”

2007  LRP    

“The  detec+on  of  gamma-‐ray  emissions  from  excited  nuclei  plays  a  vital  
and  ubiquitous  role  in  nuclear  science.  The  physics  jus+fica+on  for  a  4π  

tracking  array  is  extremely  compelling,  spanning  a  wide  range  of  
fundamental  ques+ons  in  nuclear  structure,  nuclear  astrophysics,  and  

weak  interac+ons.”    2002  LRP
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v ≈ 0.1mm /n sec
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x=D/2 
€ 

10n sec/mm

δx ≥ (D /Q)σ

δx ≥1mm

Calculated electron drift velocity 

Typical HPGe  
Operation fields 



Position sensitivity	


Cathode (0V) 

Anode (+V) 



Position sensitivity 



"    Advances in Ge detector production 
 
• Segmentation size ~ 2 cm → 30-40 segment/crystal 
• Planar or irregular tapered hexagon shape 

"   Fast electronics  
 
• ADC with 10 nsec sampling rate, > 12 bit resolution 

"   Efficient algorithms 
 
•  Signal analysis – position 
•  Tracking – scattering sequence 
 

"   Computing power 

Technical Challenges 



MINIBALL 
 

AGATA 

 

TIGRESS 

 

GRAPE 

 

Segmented Germanium Detectors 



PII	


PIII	


Prototype detectors at LBNL 



         Eurisys PSC823	


FET  	
 	
IF1320	


Gain 	
 	
200mV/MeV	


Rise Time 	
~40nsec	


Decay Time 	
50µsec	


Power 	
 	
50mW	


Performance with detector:  Energy resolution   1.15 keV  Am	


	
 	
 	
 	
 	
 	
     2.5   keV Co	


	
 	
 	
          Noise level             4      keV (20MHz) 	


Pre-Amps 



Digitizer module (LBNL) 
14bit, 100 MHz 
Energy 
Leading edge time 
Constant fraction time 
Pulse shape 

Electronics 

~7 keV 
FWHM 



§ Use the measured signal shapes from the 
segments – net charge and induced signal. 

§ Compare with a library of (measured/
calculated) basis signal shapes of single 
interaction. 

§ Determine the energy and position of 
interaction points. 

§ Why is it hard? 
– Multiple interactions in one segment. 
– Multiple segment with net charge in a detector. 
– Computing intensive calculation. 

Signal Decomposition 



§  Measured signals with multiple gamma ray hits (red), fitted with a linear combination of 
basis signals (blue) , using Grid search followed by least-square fitting. 
§  The analysis gives (x, y, z, E) of the interaction points. 



•  Collimated beam of 137Cs 663 keV 
•  Highest energy point from signal decomposition 

singles 

§   σx ,y,z~ 2 mm 

Position resolution 



first step – cluster finding 

Any two points with  
θ  < θp are grouped 
into the same cluster 

Tracking 



Problem: 3!=6 possible sequences Assume: Eγ = Ee1 + E e2 + Ee3  ;γ-ray from the source 

Sequence with the minimum χ2 < χ2 
max 

ècorrect scattering sequence 
èrejects Compton and wrong direction 

€ 

Ee = Eγ 1−
1

1+
Eγ

0.511
1− cosθ( )

% 

& 

' 
' 
' 

( 

) 

* 
* 
* 

Eγ	


Tracking 



ε~ 40%  and P/T~ 55% 



The Gamma-Ray Energy Tracking Array 



Key
proper>es


•  Efficiency	  (~40%	  at	  	  1MeV) 	

	

•  4π Coverage	  
	  

	  	  	  	  	  	  No	  solid	  angle	  lost	  to	  Compton	  suppression	  shields.	  
	  	  	  	  	  	  

	  	  	  	  	  	  Angular	  distribu1ons/correla1ons.	  
	  
	  	  	  	  	  	  High-‐energy	  efficiency	  by	  proper	  summing	  of	  	  
	  	  	  	  	  	  scaXered	  γ-‐rays.	  
	  
•  Posi1on	  resolu1on	  (σx,y,z	  =	  2	  mm)	  	  
	  

	  	  	  	  	  Posi1on	  of	  1st	  interac1on	  -‐-‐>	  Excellent	  Doppler	  	  
	  	  	  	  	  reconstruc1on,	  in-‐beam	  energy	  resolu1on.	  
	  
•  Peak-‐to-‐background	  (~	  55%)	  	  
	  	  	  	  	  Tracking	  -‐-‐>	  Reject	  par1al-‐energy	  events,	  maintaining	  good	  	  	  	  	  
	  	  	  	  	  spectral	  quality.	  
	  
•  Polariza1on	  	  
	  	  	  	  	  Compton-‐reconstructed	  full-‐energy	  event	  yield	  	  	  	  	  	  	  	  
	  	  	  	  	  polariza1on	  informa1on	  




  NSAC  Long  Range  PlanNSAC  Long  Range  Plan

2002
2012

GRETINA  CD0
2003

GRETINA  CD1
2004

GRETINA  CD2A/3A
2005

GRETINA  CD2B/3B
2007

GRETINA  CD4
2011

Gamma Ray Energy Tracking   
In beam Nuclear Array 

Critical Decisions 	




$20M Funded by US- DOE Nuclear Physics Office 

•  A first realization of a Tracking Array 
 Optimized for fast beam experiments 

•  Coverage ∼ ¼ of 4π solid angle 
•  28 36-fold segmented Ge crystals ( 7 Modules ) 
•  Mechanical support structure 
•  Data acquisition system 
•  Data processing software  



Number of 
hexagons 
 

Number of different  
hexagonal shapes 
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12 pentagons and … 

Geodesic tiling of the sphere 

GS 

AGATA 



B-type 

A-type 

 36  segments/crystal 
   4  crystal/ module 
148 signal channels /module 
Cores Cold FETs 
Segments Warm FETs 

Detector Modules  (Canberra/France) 



AGATA	  Demonstrator	  

Courtesy of Dino Bazzacco 



RING	   ANGLE	   SLOTS	  

1	   -‐	   -‐	  

2	   58	   4	  

3	   90	   8	  

4	   122	   4	  

5	   148	   5	  



•  50 TB of disk space 

Digitizer module  
14bit, 100 MHz 
Energy 
CC: 2.5, 5, 10, 30 MeV 
S:    10 MeV 
Leading edge time 
Pulse shape 

•  Installed 62 nodes, 2 CPU/node, 4 core/ CPU 

Electronics and DAQ System 

56 Nodes  ≥ 20000 gammas/s 
EPICS   



γ  rays  of  28Si  at  v/c  =  0.38  
(from  36Ar  on  47  mg/cm2  Be)

In  GRETINA

                                                    1000                          2000                          3000                          4000                            5000                                                                                        
	  	  	  	  	  	  	  	  	  	  	  	  Energy	  [keV]	  (laboratory	  frame)	  
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•  11007—Weisshaar, D. et al.  Commissioning of GRETINA + S800 at NSCL	


Energy [kev] 

Measured FWHM of 1.00% 
consistent with a spatial resolution 
of σ ≈ 2mm  

Full Array 

Position resolution 



Nuclear Science 
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Singles Clustered Tracked 
 
P/T=22%  Efficiency= 4.3% 
P/T=40%  Efficiency= 6.0%  
P/T=50%  Efficiency= 4.7% 

Efficiency and P/T:   60Co source 



Nuclear Science 
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64Ge  populated  in  knockout  from  65Ge

Single  Crystals
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Tracked

Reduc>on  of  Compton  background  by  tracking  allows  –  for  the  first  >me  –  gamma  spectroscopy  with  fast  
beams  with  spectral  quality  comparable  to  arrays  with  an>-‐Compton  shields.



Physics campaigns: NSCL(2012/13) and ATLAS(2014/15)	

Nuclear	  Shell	  Evolu:on	  

•   N=Z  Mirror  Spectroscopy  
•   Structure  in  221,223Rn  

•   50-‐52Ca  neutron  knock-‐out  
•   Neutron-‐rich  Ti  

• Mul>-‐par>cle-‐hole  states  in  34P
•   Odd  neutron-‐rich  Ni  

•   Fast-‐>ming  life>me  measurements  in  139Ba  and  
141Ce

•   Single-‐neutron  states  and  the  role  of  the  vg9/2  
orbital  in  71Zn

•   34Si  Bubble  nucleus?  
•   Neutron-‐rich  Si  

•   GRETINA  commissioning  
•   Neutron-‐rich  N=40  nuclei  

•   Normal  and  intruder  configura>ons  in  the  Island  
of  Inversion  

Nuclear	  Astrophysics	  
•   Excita>on  energies  in  58Zn    

•   Measurement  with  the  (d,n)    transfer  reac>on
•   GT  strength  distribu>ons  in  45Sc  and  46Ti  

Collec:vity	  
•   Quadrupole  collec>vity  in  light  Sn  

•   Transi>on  matrix  elements  in  70,72Ni
•   γ-‐γ  spectroscopy  in  neutron-‐rich  Mg  

•   Neutron-‐rich  C  life>me  measurement    
•   Collec>vity  at  N=Z  via  RDM  life>me  measurements    

•   B(E2:2→0)  in  12Be    

•   71-‐74Ni  excited-‐state  life>mes  
•   Inelas>c  excita>ons  beyond  48Ca

•   Triple  configura>on  coexistence  in  44S    
•   Search  for  isovector  giant  monopole  resonance

•   Shape  evolu>on  and  coexistence  in  the  Mo-‐Ru  region
•   Coulomb  excita>on  of  neutron-‐rich  odd-‐odd  98mY

•   Mul>-‐step  Coulex  of  144,146Ba  with  CARIBU
•   Sub-‐shell  closure,  proton-‐neutron  symmetry  and  shape  

coexistence  in  98Zr

Heather Crawford	




GRETINA 

S800 àAuxiliary Device 

GRETINA 
electronics 

GRETINA at target position of S800 spectrograph 

§ 	  23	  experiments	  approved:	  	  	  	  3360	  hours	  

Science campaign at NSCL:  July 2012 – June 2013	




GRETINA 

S800 

GRETINA 
electronics 

GRETINA at target position of S800 spectrograph 

§ 	  23	  experiments	  approved:	  	  	  	  3360	  hours	  

Science campaign at NSCL:  July 2012 – June 2013	




The 57Cu(p,γ)58Zn stellar reaction rate has a significant effect in the light-curve 
emitted in X-ray bursts.  58Zn excitation energies are not known experimentally. 
 
The effective lifetime of 56Ni determines the amount of A =56 material in	

the neutron star crust. 



57Cu	  +	  p	  

58Zn	  

21+	  

22+	  
23+	  
24+	  

0+	  

Reac:on	  rate	  dominated	  by	  2+	  resonances	  

Gamow	  window	  	  
(E0	  ~	  1.15	  ±	  0.73	  MeV)	  

Cyburt	  et	  al.	  (to	  be	  published)	  

56Ni effective half-life 

rate	  low	  

rate	  high	  

58Zn*	  	  

γ 

β  ̴ 0.32c 

	  58Zn	  	  

to	  focal	  plane	  S800	  

	  57Cu	  	  

γ 

d	  

57Cu beam ~ 3 104 pps produced from  	

stable 58Ni @160 MeV/u	


CD2 of 225 mg/cm2	




Coincidence Analysis	


gated on 1356 keV	


gated on 1143 keV	


gated on 879 keV	


58Zn	




Coincidence Analysis	


gated on 1356 keV	


gated on 1143 keV	


gated on 879 keV	


58Zn	




Coincidence Analysis	


gated on 1356 keV	


gated on 1143 keV	


gated on 879 keV	


58Zn	




Mirror Symmetry 	




57Cu(p,Ɣ)58Zn rate uncertainty highly reduced 
à Reliable prediction of A=56 in ashes	


The uncertainty in A = 56 nuclei production was reduced	

( from just this reaction)  from a factor of 2 to about 20%.	




 At  ATLAS/ANL   March 2014 – June 2015	


§ 	  23	  	  experiments	  approved:	  	  	  	  3350	  hours	  

Neutron-rich nuclei – CARIBU beams 

Position Resolution   
 
Good response for high-energy gammas 
 
Polarization sensitivity    



Polarization 

ANL  ATLAS  Experiment  1520x,  A.  Wiens  et  al.
24Mg(p,p’γ)24Mg,      Ep  =  2.6  and  6    MeV



Co
Entries  499738
Mean    95.05
RMS     23.71
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Event  by  event  polariza>on  
informa>on  

A2  =  0.53(2)    A4=    -‐0.36(4)
P(90o)  =  0.96
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www.greta.lbl.gov



Physics	  Opportuni1es	  (from	  the	  White	  Paper)	  

FRIB  beams  will  provide  access  to  
thousands  of  nuclei

“GRETA	  will	  fully	  u.lize	  and	  maximize	  
the	  physics	  opportuni.es	  at	  FRIB,	  
using	  both	  fast-‐fragmenta.on	  and	  

reaccelerated	  beams.”	  	  
–2014	  GRETA	  Whitepaper	  
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reaccelerated	  beams.”	  	  
–2014	  GRETA	  Whitepaper	  



GRETA	  +	  High-‐Rigidity	  Spectrometer	  at	  FRIB	  	  

•  The  neutron-‐rich  Ca  isotopes  beyond  48Ca  provide  drama>c  examples  of  shell  evolu>on
•  Microscopic  calcula>ons  suggest  a  sensi>vity  of  the  detailed  structure  to  the  inclusion  of  3N  forces  

GRETA  will  have  superior  resolving  power  for  fast-‐beam  
experiments  compared  to  any  other  γ-‐ray  detector

50Ca  -‐>  49Ca  
GRETINA  @  NSCL
GEANT4  simula>on

57Ca  -‐>  56Ca  

γ-‐γ

•  Detailed  studies  of  
single  par>cle  

structure,  provide  a  
cri>cal  test  of  

effec>ve  interac>ons  
and  3N  forces

•  The  structure  around  
60Ca  informs  the  
loca>on  of  the  
dripline  at  Z  =  20

Dripline	  
?	  



GRETA	  and	  re-‐accelerated	  beams	  
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Studies  of  octupole  collec>vity  to  guide  searches  for  physics  beyond  the  Standard  Model

4π  GRETA  combined  with  the  FRIB  reaccelerated  beam  intensity  and  
energy  provide  a  100-‐fold  or  more  increase  in  the  intensity  of  transi>ons  
characterizing  higher-‐spin  states

Unprecedented  discovery  poten>al  for  iden>fica>on  and  characteriza>on  
of  octupole-‐collec>ve  candidate  nuclei  for  EDM  searches.

Coulomb  Excita>on  of  220Rn  on  120Sn  

GRETA  at  FRIB  

Energy  [keV]

L.  P.  Gaffney  et  al.    Nature  497  (2013)



High energy astrophysics	

Correlate the detected photon to the source object as known 
from more precise observations in other wavelengths	


Biomedical research	

Precise localization of radioactive tracers in the body	

Cancer diagnosis	

Molecular targeted radiation therapy	

Monitor changes in the tracer distribution -> dynamical studies 	


National security	

Nuclear non-proliferation/ nuclear counter terrorism	

Contraband detection	

Stockpile stewardship	

Nuclear waste monitoring and management 	


Industrial non-destructive assessments	

Determination of the material density distribution between the 
source and detector 	


Applications of imaging gamma-rays 

r1 

r2 
r3 

r4 

θ

1E

γE

12r


source 

source 



4π photocamera!

4π gamma-ray imaging	


K.Vetter et al.	




Imaging of Eγ=1332 keV gamma rays 
 AGATA used as a big Compton Camera	


F. Recchia, Padova	


All 9 detectors	
 One detector	


Source at 51 cm  è 	
Δx ~Δy ~2 mm   Δz ~2 cm 	
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EXTRA MATERIAL	






Compton scattering: More Details 
Compton formula: Special case for E>>m0c2: 

gamma-ray energy after 180o scatter is 
approximately  

The angle dependence of Compton 
scattering is expressed by the 
Klein-Nishina Formula 
 
Forward scattering 
(θ small) is dominant for E>100keV 





….what we have to pay: 
P/T: Probability to count a detected gamma 
in the Peak and NOT in the Compton plateau 
 
Example: P/T=0.2, two gammas, 100 events 
Detecting both in peak  PxP: 4% 
1 in Peak, 1 as Compton  PxC:16% 
1 as Compton, 1 in Peak  CxP:16% 
Both as Compton  CxC:64% 

In projection we have 10 events in peak, 
but in a corresponding δE cut only  
2 (10 x P/T) 
Conclusion: We lose factor P/T in peak 
intensity each time we increase Fold F. 



§ Electric field	


ionconcentratimpurityV

VE

:2 ρρ=∇

∇=


Boundary condition :   applied bias voltage 

§   Weighting potential for segment k 

02 =∇ kV
Boundary condition :   1 V on the segment k  

         0 V on all other segments  

Signal Generation 



§ Trajectory : for electrons and holes 

∫+=

=
t
dtvxtx

Evv

00)(

)(




§   Induced charge (S. Ramo, Proc. IRE 27(1939)584) 
  

 If a charge q moves from position x1 to position x2,  
 then the induced charge on electrode k is 

( ))()( 12 xVxVqQ kkk


−=Δ

anisotropic 

Signal Generation 



V=1	
V=0	


V=0	


Ex weighting field	


 weighting potential	


A	
B 	


  

€ 

ΔQ∝
 
E •
 
v Δt = ExvΔt



Q (%)	
 time	


A	


B 	


A+B 	




140µCi Am source (60keV) 

1 mCi  137Cs source (662keV) 

Vertical, horizontal and slit collimators (1, 2 mm) 
to define x, y and z 

Stepping motors in x, y, z (LabView Control) 

Automatic scans.  

Characterization 



1 
2 

3 
4 

5 

6 

Am Surface scans 

•  Front segmentation lines are within 0.2 mm  
•  Accuracy of measurement is 0.15 mm 

•  Reproducibility after crystal replacement is 0.2 mm 



Liquid	  Hydrogen	  target	  and	  GRETINA	  
L.	  Riley,	  Ursinus	  College	  and	  R.G.T.	  Zegers,	  NSCL	  

~50mg/cm2	  LH2	  





(p,p’)	  cross-‐sec1ons	  are	  used	  to	  extract	  proton-‐scaXering	  deforma1on	  lengths	  	  
	  
Comparison	  with	  life1me	  measurements	  determine	  the	  Mn/Mp	  ra1os	  

M.	  Honma,	  T.	  Otsuka,	  B.	  A.	  Brown,	  and	  T.	  Mizusaki,	  
Phys.	  Rev.	  C	  69,	  034335	  (2004).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  GXPF1	  

J.	  J.	  Valiente-‐Dobon,	  et	  al.	  Phys.	  Rev.	  LeX.	  102,	  242502	  (2009).	  



TRIPLEX TRIPLEX	  	  	  	  (TRIple	  PLUNGER	  for	  EXOTIC	  BEAMS)	  
	  
	  
	  

Beam	  

Target	   Degrader	  

2nd	  Degrader	  

Target	  	  	  	  	  	  	  Degrader	  	  	  	  Degrader	  
	  	  

N(decay)	  

Gamma 
  Spectrum	  

fast	  slow	  

reduced 
(differential)	  

Eγ	


Hiro	  Iwasaki,	  et	  al.	  	  



74Kr	  

4+	  ,	  	  5.2(2)ps	  

455keV	  

558keV	  

2+	  ,	  	  33.7(2)ps	  

Eg	  (keV)	  	  vs	  	  Theta	  (deg)	   Eg	  (keV)	  

Target	  	  	  	  	  	  	  	  Degrader	  	  	  Degrader	  
	  Be	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ta	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ta	  
	  0.75mm	  	  	  	  	  	  0.125mm	  	  	  0.1mm	  

Forward	  

90	  deg	  

2+	  

4+	  

A.Gorgen	  et	  al.	  
EPJA26(05)153	  

H.	  Iwasaki,	  A.	  Lemasson,	  et	  al.	  PRL	  112,	  142502	  (2014)	  	  



•  Region around n-rich nuclei approaching N=40 is subject of rapid shell 
evolution	


•  Neutron-rich 58,60Ti are a good testing ground to study shell evolution and 
unravel the driving forces	


•  Maybe the closest extrapolation points toward 60Ca	




 58Ti and 60Ti were produced in the nucleon removal from 61V on a 9Be target 

The	  61V	  ions	  were	  produced	  from	  a	  140-‐MeV/u	  primary	  beam	  of	  82Se	  



 58Ti and 60Ti were produced in the nucleon removal from 61V on a 9Be target 



 58Ti and 60Ti were produced in the nucleon removal from 61V on a 9Be target 



•  Calculations restricted to the fp shell for neutrons predict many states to be 
populated in 9Be(61V,60Ti)X 

•  Only the shell model calculations with the largest neutron model space 
correctly predict the strong population of two excited states only  

•  Excited states in 60Ti and knockout cross sections are closets benchmark yet 
to 60Ca  



P(90)= 0.956	




Q ~ 10 %	


ϕ	




A2 = 0.53(2)  A4=  -0.36(4)	


θ	




LNL: 2010-2011 
15 crystals (5TC) 
Total Eff. ~6%  

GSI: 2012-2013 
25 crystals (5DC+5TC)  
Total Eff.~10%  

GANIL:  2014-2015 
45 crystals (15 TC) 
Total Eff. ~15%  

AGATA+VAMOS 

	  From	  the	  Demonstrator	  to	  AGATA	  1π	  
Plans	  for	  the	  next	  few	  years	  

Demonstrator + PRISMA AGATA + FRS 

Courtesy of Dino Bazzacco	



